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Abstract. Seismic activity and stress concentration in soil cavities are prone to
induce landslides, resulting in surges and overflows that reduce the stability of
dam structures, thereby posing a threat to the safety of downstream areas. To
analyze the stability of slopes under different water storage conditions and load
scenarios, the Shuangjiangkou Hydropower Station was used as a case study. Fi-
nite element simulations were conducted to assess slope stability before and after
quarry excavation at various reservoir water levels. Failure modes and safety fac-
tors for each model were obtained. The results indicate that quarry excavation
has a minimal impact on slope stability. As the water level rises, slope stability
improves. However, seismic activity significantly reduces the safety factor of the
slope, necessitating the use of rock bolts for slope reinforcement. This study pro-
vides a simulation basis for determining on-site support plans.
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1 Introduction

The Jiazhajia Cave preserves valuable mural artifacts and is located 2.8 km from the
dam site of the Shuangjiangkou Hydropower Station. Once the dam is completed, the
cave will be situated below the normal water level. Additionally, to reduce the depend-
ency on external construction materials, artificial excavation of the material field on the
back of the slope will be required (as shown in Figure 1, The slope height-to-width ratio
is 1:0.75), leading to changes in the internal stress and structural rigidity of the slope.
Under seismic loads, the slope is prone to instability, which could result in the destruc-
tion of the cave and severe damage to its cultural relics. Therefore, studying the stability
of reservoir slopes containing caves under seismic loads has significant engineering
value.
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Fig. 1. Side slope cross-section

Numerical simulation and physical experiments are two important methods for stud-
ying the impact of seismic loads on slope stability. In numerical simulation, the limit
equilibrium method [1-3], strength reduction method [4-6], and dynamic finite element
analysis [7-9] are widely used for calculating the safety factor of slopes. With the
deeper application of machine learning, parallel optimization methods using unit test
simulations are also employed to evaluate the safety factor of slopes under seismic
loads [10,11]. In physical model experiments, shaking tables and centrifuges are crucial
technical methods for studying slope instability under seismic loads. For example,
Yang et al. [12] conducted shaking table tests to investigate the slope instability process
under the combined effects of groundwater and seismic activity. Cheng et al. [13] per-
formed dynamic centrifuge model tests under different seismic intensities to study the
permanent displacement and failure processes of slopes under varying seismic intensi-
ties.

For slopes containing caves, the presence of cavities causes stress concentration,
which accelerates the rate of soil failure and reduces the stability of the slope [14]. In
response, this study will use the finite element software ABAQUS to construct simula-
tion models under different working conditions to calculate the safety factor of the
slope. The aim is to provide a simulation basis for designing support schemes in prac-
tical engineering projects.
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2 Simulation Scheme Design

2.1 Model Parameters

The lithology of the model is shown in Figure 1. Based on the on-site geological survey
report, the mechanical parameters of the rocks are set in the model as shown in Table
1.

Table 1. Rock strength parameters

Density ~ Young's modulus internal friction angle ~ Cohesion

Material Poisson's ratio

(kg/m*) (GPa) (©) (MPa)
Granite 2620 18 0.23 38.7 1.5
Sandstone 2450 5.5 0.32 28.8 0.6
W-Granite 2620 10 0.26 32 0.9
W-Sandstone 2450 3 0.35 25 0.36

2.2 Simulation Schemes

To analyze the impact of quarry excavation and water storage levels on slope stability,
the simulation schemes are designed as shown in Table 2.

Table 2. Simulation schemes

Number NNI1 NSI1 EN1 ESI EN2 ES2 EN3 ES3
Quarry Non-excavation Excavation

Water level None water Stagnant water level ~ Normal water level
Load G Seismic G Seismic G Seismic G Seismic

The initial letter in the numbering represents the quarry excavation condition (N for
no excavation, E for excavation). The second letter represents the working condition
(N for natural state, S for seismic state). The number represents the water level condi-
tion (1 for no water, 2 for stagnant water level, 3 for normal water level).

In the natural state, the slope is only subjected to self-weight stress. Therefore, in the
ABAQUS simulation, vertical gravity is applied to simulate this condition, with the
gravitational acceleration set to g=10 m%/s. The seismic direction is considered to be
the most dangerous horizontal direction. Based on the local seismic intensity level, the
horizontal peak acceleration used is ge=0.1g=1 m?/s, while the vertical acceleration re-
mains g=10 m%/s.

3 Simulation Results

The plastic strain contour plots and displacement contour plots before and after quarry
excavation are shown in Figure 2.
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Fig. 2. Simulation contour plots before and after quarry excavation
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Before quarry excavation, the stability safety factor of the slope under natural gravity
conditions is approximately 1.25, and under seismic conditions, it is approximately
1.15. After quarry excavation, the slope safety factor is about 1.24, and the safety factor
under seismic load is about 1.13.

Based on the above simulation results, it can be seen that the safety factor of the
slope in its natural state is relatively low. When instability occurs, a yield surface con-
necting the cavities will be generated (as shown in Figure 2a), causing the rock mass
below and outside the cavities to slide out (as shown in Figure 2b), thereby having a
destructive impact on the cavities. Under seismic conditions, the safety factor of the
original slope further decreases, and the yield surface predicted by numerical simula-
tion is similar to that under natural conditions, posing an even greater threat to the safety
of the cavities. Therefore, it is necessary to appropriately treat the slopes containing the
cavities. It is recommended to reinforce the rock mass in this area using anchor cables
penetrating the weathered layer combined with grouting. Additionally, quarry excava-
tion will change the morphology of the original slope, affecting its stress state and al-
tering its stability, thereby reducing the slope stability.

When water enters the strongly weathered rock and soil area, it weakens the struc-
tural surface. The rock mass in the weathered layer below the normal water level line
is weakened to some extent, and simulation calculations are performed using 60% of
the original strength parameters. The simulation contour plots under different water
levels are shown in Figure 3.

(a) Plastic strain-EN2 (b) Displacement -EN2

PE, Max. In-Plane Principel U, Magnitude

(c) Plastic strain-ES2 (d) Displacement -ES2
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Fig. 3. Simulation contour plots at different water levels

Under the gravity load, as the water level rises, the slope safety factor increases from
1.35 to 1.38. Under the seismic load, the slope safety factor increases from 1.18 to 1.27.
The safety factor of the slope after water storage is higher than before water storage,
indicating that the reservoir water pressure helps maintain slope stability in this geo-
logical structure. However, once slope instability occurs, the rock mass containing the
cavities will be entirely within the sliding body.

At the stagnant water level, the hydrostatic pressure on both sides of the slope is
approximately 0.17 MPa and 0.88 MPa. The simulated yield surface in this case is sim-
ilar to the no-water condition, but the slope safety factor significantly decreases due to
seismic activity, greatly increasing the risk to the cavities.

At the normal water level, the hydrostatic pressure on both sides of the slope is ap-
proximately 0.96 MPa and 1.7 MPa. In this case, the safety factor is higher, and the
reservoir water pressure generated by high water storage improves the stability of the
original slope. However, the rock mass near the cavities faces a higher risk of instabil-
ity, directly affecting the safety of the cavities. The safety factor decreases due to seis-
mic activity, increasing the danger to the cavities.

The above results highlight the necessity of anchor bolt reinforcement. When slope
instability occurs, the overall sliding surface is blocked by the anchored reinforcement
area, reducing the likelihood of rock mass instability in the area containing the cavities.
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4 Conclusion

1. The safety factors and failure contour plots of the slope under the three influencing
factors of quarry excavation, water storage, and seismic activity were calculated
through numerical simulation.

2. After quarry excavation, the slope stability slightly decreases, while the rise in
reservoir water level contributes to the improvement of slope stability.

3. The earthquake has significantly reduced the stability of the slope, in slope stabi-
lization, it is essential to strengthen the support provided by anchors and cables.

This study does not consider the impact of precipitation on slope stability. In actual
engineering practice, slope stability is significantly affected by rainfall. Therefore, it is
essential to fully consider the effects of precipitation in subsequent analyses.
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